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The Chiral Magnetic Effect (CME) is a macroscopic manifestation of fundamental chiral anomaly
in a many-body system of chiral fermions, and emerges as anomalous transport current in the
fluid dynamics framework. Experimental observation of CME is of great interest and has been
reported in Dirac and Weyl semimetals. Significant efforts have also been made to look for CME
in heavy ion collisions. Critically needed for such search, is the theoretical prediction for CME
signal. In this paper we report a first quantitative modeling framework, the Anomalous Viscous
Fluid Dynamics (AVFD), which computes the evolution of fermion currents on top of realistic bulk
evolution in heavy ion collisions and simultaneously accounts for both anomalous and normal viscous
transport effects. The AVFD allows a quantitative understanding of the generation and evolution of
CME-induced charge separation during hydrodynamic stage as well as its dependence on theoretical
ingredients. With reasonable estimates of key parameters, the AVFD simulations provide the first
phenomenologically successful explanation of the measured signal in 200AGeV AuAu collisions.
Introduction.— The importance of electricity for mod-
ern society cannot be overemphasized. From the physics
point of view, lies at the heart of electricity is the con-
ducting transport (of electric charge carriers). In normal
materials, conducting transport generates an electric cur-
rent ~JQ along the electric field ~E (or voltage) applied to
the system. This can be described by the usual Ohm’s
law ~JQ = σe~E where the conductivity σe arises from
competition between “ordered” electric force and “dis-
ordered” thermal scatterings, henceforth involving dissi-
pation and typically dependent upon specific dynamics
of the system. More recently there have been significant
interests, from both high energy and condensed matter
physics communities, in a new category of anomalous
chiral transport in quantum materials containing chiral
fermions. A notable example is the Chiral Magnetic Ef-
fect (CME) [1–5] — the generation of an electric current
~JQ along the magnetic field ~B applied to the system, i.e.
~JQ = σ5~B (1)
where σ5 = CAµ5 is the chiral magnetic conductivity,
expressed in terms of the chiral chemical potential µ5 that
quantifies the imbalance between fermions of opposite
(right-handed, RH versus left-handed, LH) chirality.
The σ5 has two remarkable features that make it
markedly different from the normal conductivity σe.
First, the coefficient CA takes a universal value of
Q2f/(4pi
2) (for each species of RH or LH fermions with
electric charge Qf ) from non-interacting cases to ex-
tremely strongly coupled cases [5–8]. In fact, it is entirely
dictated by universal chiral anomaly coefficient, and the
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CME is really just the macroscopic manifestation of the
fundamental quantum anomaly in a many-body setting.
Second, the σ5 is time-reversal even [9] which implies the
non-dissipative nature of the underlying transport pro-
cess that leads to the CME current in (1).
Given the magnificent physics of Chiral Magnetic Ef-
fect, it is of utmost interest to search for its manifesta-
tion in real-world materials. Two types of systems for
experimental detection of CME have been enthusiasti-
cally investigated. One is the so-called Dirac and Weyl
semimetals where electronic states emerge as effective
chiral fermions and exhibit chiral anomaly [10, 11]. Dis-
coveries of CME were reported in those systems [12–15].
The other is the quark-gluon plasma (QGP), which is the
deconfined form of nuclear matter at very high temper-
atures T ∼ trillion degrees, consisting of approximately
massless light quarks. Such a new form of hot matter
once filled the whole universe and is now (re)created in
laboratory at the Relativistic Heavy Ion Collider (RHIC)
and the Large Hadron Collider (LHC). Search for po-
tential CME signals has been ongoing at RHIC and
the LHC [16–21], with encouraging evidences for CME-
induced charge separation signal. The interpretation of
these data however suffers from backgrounds arising from
the complicated environment in a heavy ion collision (see
e.g. [22–25]). Currently the most pressing challenge for
the search of CME in heavy ion collisions is to clearly sep-
arate background contributions from the desired signal.
A mandatory and critically needed step, is to develop
state-of-the-art modeling tools to compute CME signal
in a realistic heavy ion collision environment. In this Let-
ter we present such a tool, the Anomalous Viscous Fluid
Dynamics (AVFD) framework, which simulates the evo-
lution of chiral fermion currents in the QGP on top of the
VISHNU bulk hydrodynamic evolution for heavy ion col-
lisions. We demonstrate the features of this framework
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2and quantify the CME-induced charge separation signal
for comparison with available experimental data.
The Anomalous-Viscous Fluid Dynamics.—Fluid dy-
namics provides a universal description of macroscopic
systems under the large scale and long time limit, and
are essentially conservation laws arising from symmetries
in microscopic dynamics. For a fluid of chiral fermions,
the microscopic chiral anomaly is a sort of “half symme-
try” and how it arises in macroscopic fluid dynamics is a
nontrivial question. As answered in [6], the constituent
relation for the fermion currents is required by the sec-
ond law of thermodynamics to include anomalous terms
corresponding to the CME current and a similar chiral
vortical current. Based on such finding, let us then de-
velop a simulation framework to describe anomalous chi-
ral transport in heavy ion collisions at very high beam
energy (e.g. top RHIC energy and above). The bulk
evolution in such collisions is well described by 2+1D
2nd-order viscous hydrodynamics (e.g. VISHNU simula-
tions [26]). We use the “single-shot” version with aver-
aged smooth energy-momentum tensor initial condition
based on Monte-Carlo Glauber model. Our approach is
to solve the following fluid dynamical equations for the
evolution of chiral fermion currents (RH and LH currents
for u and d flavors respectively) as perturbations on top
of the bulk fluid evolution:
DˆµJ
µ
χ,f = χ
NcQ
2
f
4pi2
EµB
µ (2)
Jµχ,f = nχ,f u
µ + νµχ,f + χ
NcQf
4pi2
µχ,fB
µ (3)
∆µν dˆ
(
ννχ,f
)
= − 1
τr
[(
νµχ,f
)
−
(
νµχ,f
)
NS
]
(4)(
νµχ,f
)
NS
=
σ
2
T∆µν∂ν
(µχ,f
T
)
+
σ
2
QfE
µ (5)
where χ = ±1 labels chirality for RH/LH currents and
f = u, d labels light quark flavor with respective elec-
tric charge Qf and with color factor Nc = 3. The
Eµ = Fµνuν and B
µ = 12
µναβuνFαβ are external elec-
tromagnetic fields in fluid rest frame. The derivatives
Dˆµ is covariant derivative and dˆ = u
µDˆµ, with projec-
tion operator ∆µν = (gµν − uµuν). In the above the fluid
four-velocity field uµ, the local temperature T as well as
all other thermodynamic quantities are determined by
background bulk flow. Furthermore the (small) fermion
densities nχ,f and corresponding chemical potential µχ,f
are related by lattice-computed quark number suscepti-
bilities cf2 (T ) [27, 28]. Two transport coefficients are also
involved: the normal diffusion coefficient σ and the relax-
ation time τr. As the QGP is in a chiral-symmetric phase,
we use the same values for susceptibilities and relaxation
time for vector and axial charges. We set the vector
charge density initial condition to be zero and it has been
explicitly checked that the anomalous transport effect is
insensitive to nonzero initial vector charge density. The
above framework treats the normal viscous currents νµχ,f
at the 2nd-order of gradient expansion by incorporating
relaxation evolution toward Navier-Stocks form. Owing
to the quantum nature of the anomalous current, we do
not include any 2nd-order thermal relaxation on this con-
tribution. Note that the axial charge should “suffer” from
dissipative effects due to gluonic topological fluctuations
and finite quark mass. However the relevant relaxation
time scales from both effects have been estimated (see e.g.
[29, 30]) to be significantly longer than the ~B field life-
time and therefore justify the approximation of neglect-
ing them here. To compute final hadron observables, we
convert vector charge densities on the hydro freeze-out
surface via susceptibilities into corresponding chemical
potentials, which are then incorporated into the thermal
distribution of the standard Cooper-Frye procedure.
The most unique feature of the above Anomalous-
Viscous Fluid Dynamics (AVFD) framework lies in the
B-field driven anomalous current — the last term in
Eq.(3) which distinguishes the left from the right with
opposite sign. We demonstrate the effect of such chiral
transport in Fig.1, by computing the evolution of u-flavor
currents via solving AVFD equations from the same ini-
tial charge density distribution (for either RH or LH) at
τ0 = 0.60fm/c [panel (a)] in three different cases: (1)
[panel (b)] for either RH or LH density at τ = 3.00fm/c
with zero magnetic field B→ 0 which implies no anoma-
lous chiral transport; (2) [panel (c)] for RH density at
τ = 3.00fm/c with nonzero B field along positive y-
axis; (c) [panel (d)] for LH density at τ = 3.00fm/c with
nonzero B field along positive y-axis. In the case (a) the
densities evolve only according to normal viscous trans-
port i.e. charge diffusion which is identical for RH/LH
densities and “up/down” symmetric. Under the presence
of B field, additional transport occurs via anomalous cur-
rents along the B field direction, and RH/LH densities
evolve in an asymmetric and opposite way. The effect of
B-field driven anomalous chiral transport is evident from
such a comparison.
CME-Induced Charge Separation.— With the AVFD
simulation tool introduced above, we are now ready to
quantify the CME-induced charge separation signal un-
der realistic conditions in heavy ion collisions. Such
a charge separation arises from the anomalous current
along ~B field direction and leads to a dipole term in the
azimuthal distribution of produced charged hadrons:
dN ch
dφ
∝ [1± 2ach1 sinφ+ ...] (6)
where φ is the azimuthal angle measured with respect
to the reaction plane, and the ±ach1 for opposite charges
respectively. The charge separation signal critically de-
pends upon the magnetic field and initial axial charge,
both of which are not theoretically well constrained.
For the magnetic field ~B = B(τ)yˆ (with yˆ the
event-wise out-of-plane direction), we use a plausible
parametrization [31, 32]
B(τ) =
B0
1 + (τ/τB)
2 (7)
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FIG. 1: (color online) The evolution of u-flavor densities via solving AVFD equations from the same initial charge density
distribution (for either RH or LH) at τ0 = 0.60fm/c [panel (a)] in three different cases: (1) [panel (b)] for either RH or LH
density at τ = 3.00fm/c with zero magnetic field B → 0 which implies no anomalous chiral transport; (2) [panel (c)] for RH
density at τ = 3.00fm/c with nonzero B field along positive y-axis; (3) [panel (d)] for LH density at τ = 3.00fm/c with nonzero
B field along positive y-axis.
The peak value B0 (for each centrality) has been well
quantified with event-by-event simulations and we use
the event-plane projected realistic values from [33] which
properly takes into account the misalignment between ~B
field direction and event plane due to fluctuations. The
lifetime τB is poorly known [34–36]. Logically there are
three possibilities: (a) τB is much longer than the ini-
tial time of hydrodynamic evolution τ0 = 0.6fm/c which
appears unlikely; (b) τB is extremely short, τB  τ0, in
which case the anomalous chiral transport would have
to occur in an out-of-equilibrium setting; (c) τB is short
but comparable to τ0, i.e. τB ' τ0, which is a plausible
assumption we adopt for the present work.
For the initial axial charge density arising from gluonic
topological charge fluctuations, one could make an esti-
mate based on the strong chromo-electromagnetic fields
in the early-stage glasma (see e.g. [37–40]):√
〈n25〉 '
Q4s (piρ
2
tubeτ0)
√
Ncoll.
16pi2Aoverlap
(8)
In the above ρtube ' 1fm is the transverse extension of
glasma flux tube, Aoverlap is the geometric overlapping
area of the two colliding nuclei, and Ncoll. the binary
collision number for a given centrality. The above esti-
mate is then used to determine a ratio λ5 of total average
axial charge over the total entropy in the fireball at ini-
tial time τ0, λ5 ≡
∫
V
√
〈n25〉∫
V
s
where the integration is over
fireball spatial volume and the s is the entropy density
from bulk hydro initial condition. This ratio is then used
in the AVFD simulations to set an initial axial charge
distribution locally proportional to entropy density via
ninitial5 = λ5 s. This properly reflects the fact that ax-
ial charge arises from local domains with gluon topolog-
ical fluctuations and that there are more such domains
where the matter is denser. Such initial axial charge
condition depends most sensitively upon the saturation
scale Qs, in the reasonable range of Q
2
s ' 1 ∼ 1.5GeV2
for RHIC 200AGeV collisions [41–43]. These estimates
are consistent with the first first-principle simulations of
off-equilibrium sphelaron transition rates [40].
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FIG. 2: (color online) The charge separation signal ach1
computed from AVFD for 30 ∼ 60% centrality as a func-
tion of diffusion coefficient σ/T for given relaxation time
τrT = 0.3, 0.5, 0.7, 1.0, 1.5, 2.0 (from bottom/blue to top/red)
respectively. The red blob indicates the result for σ/T = 0.3
and τrT = 0.5, with the grey shaded band indicating a ±5%
deviation in ach1 from this choice.
In addition there are two important viscous transport
parameters, the diffusion coefficient σ and the relaxation
time τr, the values of which are not precisely determined
yet, albeit narrowed down to certain plausible choice for
the QGP in the relevant temperature regime. For the
quantitative study of CME, it is crucial to understand
the dependence of the anomalous transport on these nor-
mal viscous parameters and to characterize the associ-
ated theoretical uncertainty. This has not been possible
in early attempts of anomalous transport modelings in
the ideal hydrodynamic limit [31, 32, 39, 44]. The AVFD
for the first time provides a tool to fully address such
question. In Fig. 2 we show the computed charge sepa-
ration signal ach1 for one centrality bin (30 ∼ 60%) ver-
sus conductivity σ/T at various choices of τrT with T
the temperature. Within a relatively wide range of val-
ues for σ/T and τrT , the resulting a
ch
1 varies from the
ideal-hydro-limit (for σ → 0) within about ±30% range.
4A “canonical choice” (see e.g. [45]) of σ/T = 0.3 and
τrT = 0.5, which will be used in our later computation,
is indicated by the red blob, with the grey shaded band
indicating a ±5% deviation in ach1 from this choice.
Let us now utilize the AVFD tool for quantifying CME
toward comparison with available data. The measure-
ment of a CME-induced charge separation is however
tricky, as this dipole flips its sign from event to event
pending the sign of the initial axial charge arising from
fluctuations, thus with a vanishing event-averaged mean
value. What can be measured is its variance, through
azimuthal correlations for same-sign (SS) and opposite-
sign (OS) pairs of charged hadrons [16, 17, 46]. The
so-called γSS/OS ≡ 〈cos(φ1 + φ2)〉 observables measure a
difference between the in-plane versus out-of-plane cor-
relations and are indeed sensitive to potential CME con-
tributions. They however suffer from considerable flow-
driven background contributions that are not related to
CME: see [22, 25] for reviews and references. A lot of
efforts have been made, attempting to separate back-
grounds from CME signals (see most recent discussions in
e.g. [47–51]). One approach based on a two-component
scenario [25, 47] was recently adopted by the STAR Col-
laboration to suppress backgrounds and extract the flow-
independent part (referred to as HSS/OS) [20]. We con-
sider HSS/OS as our “best guess” thus far for poten-
tial CME signal to be compared with AVFD computa-
tions. Specifically a pure CME-induced charge separa-
tion will contribute as (HSS −HOS) → 2
(
ach1
)2
. The
AVFD results for various centrality bins are presented
in Fig. 3, with the green band spanning the range of
key parameter Q2s in 1 ∼ 1.5GeV2 reflecting uncertainty
in estimating initial axial charge (see Eq.(8)). Clearly
the CME-induced correlation is very sensitive to the
amount of initial axial charge density as controlled by
Q2s. The comparison with STAR data [20] shows quanti-
tative agreement for the magnitude and centrality trend
for choices with relatively large values of Q2s. Therefore
the AVFD simulations provide the first phenomenologi-
cally successful explanation of the measured signal. That
said, it is useful to keep in mind the current uncertain-
ties both in theory (mainly on B-field lifetime and ini-
tial axial charge) and in experiment (mainly potential
residue backgrounds in the H-correlation [50, 51]). With
the AVFD as a versatile tool for quantifying the CME, a
definitive conclusion could be expected with future efforts
in narrowing down the theoretical as well as experimental
uncertainties.
If there is considerable CME transport occurring be-
fore the start of hydrodynamics, then such pre-hydro
CME contribution can be incorporated into the AVFD
framework as nontrivial initial conditions for the currents
Jµχ,f and such pre-hydro charge separation survives into
final hadron observables with certain reduction factor, as
demonstrated by previous transport study [52] and also
quantitatively seen in our AVFD simulations.
Summary and Discussions.— In summary, the CME
is a new type of macroscopic anomalous transport aris-
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FIG. 3: (color online) The azimuthal correlation observable
(HSS −HOS) for various centrality, computed from AVFD
simulations and compared with STAR data [20], with the
green band spanning the range of key parameter from Q2s =
1GeV2 (bottom edge) to Q2s = 1.5GeV
2 (top edge).
ing from microscopic anomaly in chiral matter. Given
its observation in Dirac and Weyl semimetal systems in
condensed matters experiments, it is now of extreme rel-
evance and significance to search for such effect in an
entirely different system i.e. the QGP, for the CME as
a universal emergent phenomenon. A critically needed
theoretical tool for this effort, the Anomalous Viscous
Fluid Dynamics (AVFD), has been developed in this pa-
per, which simultaneously accounts for both anomalous
and normal viscous transport effects of fermion currents
on top of realistic bulk evolution in heavy ion collisions.
The AVFD allows a quantitative understanding of the
generation and evolution of CME-induced charge separa-
tion during hydrodynamic stage as well as its dependence
on theoretical ingredients. With reasonable estimates
of key parameters, the AVFD simulations have provided
the first phenomenologically successful explanation of the
measured signal in 200AGeV AuAu collisions.
We end by briefly mentioning a number of interest-
ing problems that are being explored with this new tool.
These include studying possible anomalous transport of
fermions with finite mass [53] for quantifying possible
charged kaon separation signal, the influence of differ-
ent magnetic field time dependence, the CME-induced
gapless excitation known as the Chiral Magnetic Wave
which leads to a splitting in the positive/negative pion
elliptic flow [54, 55], as well as the development of event-
by-event simulations. These, as well as many other new
studies enabled by the AVFD, will be reported in a future
publication.
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